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Abstract The two-photon production of photon pairs,
i.e. the γγ → γγ process, is studied. Different produc-
tion modes regarding the elastic or inelastic coupling
of the intermediate-state photons to the protons are
considered. The semi-exclusive measurement, where
one intact proton is registered by a dedicated forward
proton detector, is discussed. As an example, the sig-
nal and background simulations are performed for the
γγ → γγ process mediated by the hypothetical 750
GeV resonance.
1 Introduction
The recent indication of the possible existence of a
new resonance of mass around 750 GeV decaying into
two photons [1,2], reported by the ATLAS and CMS
experiments at the Large Hadron Collider, has been
enthusiastically received by the community and trig-
gered a great interest in its possible origin (see e.g.
[3,4,5]). One of the possibilities is based on a simple
observation that a particle decaying into two photons
can be also produced in the photon–photon fusion.
Since a photon can couple to the proton elastically,
without breaking it apart, it is possible to consider the
following process (R is the hypothetical 750 GeV γγ
resonance):
pp→ p+ γ∗γ∗ + p→ p+R+ p→ p+ γγ + p.
Such a process provides an interesting possibility of
the exclusive measurement, where all final-state par-
ticles are registered. This can be achieved with ded-
icated forward proton detectors, which can register
protons scattered at very small angles into the accel-
erator beam pipe. The ATLAS and CMS/TOTEM ex-
periments at the LHC are already equipped with such
systems: the ATLAS Forward Proton (AFP) detectors
[6] and the CMS-TOTEM Proton Precision Spectrom-
eter (CT-PPS) [7].
ae-mail: rafal.staszewski@ifj.edu.pl
If the existence of the 750 GeV resonance is con-
firmed, an exclusive measurement would provide ad-
ditional information about its nature. In particular,
such a measurement would ensure the two-photon pro-
duction mechanism of the resonance. This is because
the gluon-mediated exclusive processes at high masses
are suppressed with respect to the photon-mediated
ones [8].
The exclusive measurement with two photons in
the final state was already discussed in the context of
general searches for new physics via anomalous γγγγ
couplings [9] and also in the context of the hypothet-
ical γγ resonance [10].
In this letter, for the first time, a possibility of a
semi-exclusive measurement of the light-by-light scat-
tering is discussed. A signal and background simula-
tion is performed and the effects of (semi-)exclusivity
selection are studied. The analysis is performed for
the example case of the 750 GeV resonance. However,
the presented method is more general and can be used
for studies of γγ → γγ processes in a wide range of
invariant masses.
2 Two-photon processes
The state-of-the-art calculation of the cross sections
for the two-photon production can be found in [11].
The authors report 15% – 20% uncertainties of their
results. The present study does not attempt to ap-
proach such a high precision; the goal is rather to
discuss the measurement feasibility with a relatively
simple and straightforward model. Nevertheless, the
following calculations are expected to provide charac-
teristics of the events that are sufficiently close to the
reality.
The model is based on the equivalent photon ap-
proximation, in which the cross section for a given
two-photon process factorises into the cross section
for the photon–photon interaction and the photon–
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2photon luminosity:
dσ = σ(γγ → X) dLγγ .
The photon–photon luminosity is a product of the
fluxes of both interacting photons:
dLγγ = dΦ1 dΦ2.
For the following study it is natural to single out
two possible types of photon emission. First, the pho-
ton can be emitted coherently by the proton, which
then remains intact after the interaction. Second, the
photon can be emitted inelastically, e.g. when it cou-
ples directly to a single quark, which leads to the dis-
sociation of the proton.
In this work the elastic photon flux is taken from
the approximate parameterisation [12]:
Φ(x) =
α
2pix
[
1 + (1− x)2][
logA− 11
6
+
3
A
− 3
2A2
+
1
3A2
]
,
where x is the proton momentum fraction carried by
the photon, A = 1 + (0.71GeV2)/Q2min and
Q2min = −2m2p +
1
2s
[
(s+m2p)(s− xs+m2p)
− (s−m2p)
√
(s− xs−m2p)− 4m2pxs
]
,
with mp being the proton mass and s the centre-
of-mass energy squared. The inclusive photon flux is
taken from the MRST2004 QED parton distribution
set [13,14]. The inelastic flux is taken as the difference
between the inclusive and the elastic flux.
Since in the two-photon process the photons must
be emitted by both interacting protons, one can dis-
tinguish three production modes:
– fully elastic process: both photons are emitted leav-
ing the protons intact,
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Fig. 1 Photon–photon luminosity as a function of the
mass of the photon–photon system for different production
modes. The inclusive process is the sum of all the other
processes.
– single dissociation: one photon is emitted elasti-
cally and the other one inelastically,
– double dissociation: both photons are emitted in-
elastically.
The photon–photon luminosities for different mech-
anism and experimental signatures are shown in Fig. 1.
For the mass of 750 GeV the total effective luminosity
equals 1.33 pb, where the double-dissociation, single-
dissociation and elastic contributions are 0.69, 0.54
and 0.11 pb, respectively. The single-dissociation con-
tribution takes into account the factor of two because
of the symmetry of the initial state (each of the two
protons can dissociate).
In addition, the elastically emitted protons may or
may not be registered in the forward proton detectors.
This leads to three possible event signatures:
– double tag (exclusive measurement): protons are
registered in the detectors on both sides,
– single tag (semi-exclusive measurement): a proton
is registered in the detectors on one of the sides,
– no tag: no protons are registered.
Using an approximate acceptance of the forward
proton detectors based solely on the energy of the
proton (neglecting its transverse momentum) [15], it
is possible to estimate how a requirement of a given
proton-tag signature affects the photon–photon lumi-
nosity. Here, it is assumed that the detectors can reg-
ister protons that have lost between 5% and 10% of
their energy. This range is quite conservative and it
has been chosen to illustrate the advantage of the
semi-exclusive measurement over the fully exclusive
one.
Fig. 2 shows the effective luminosities for different
measurement modes. Obviously, the double-tag signa-
ture can be obtained only for the fully elastic process,
while the single-tag signature can be obtained for the
elastic and single dissociative ones. One can see that
the conservative acceptance to a large extent compro-
mises the possibilities of a double-tag measurement at
mass of 750 GeV. On the other hand, the acceptance
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Fig. 2 Photon–photon luminosity as a function of the mass
of the photon–photon system for different measurement
modes.
3for the semi-exclusive measurement extends over the
full mass range1. In addition, the fact that the single
dissociation production mode contributes to the semi-
exclusive measurement greatly enhances the resulting
photon–photon luminosity.
3 Signal and background models
In the following analysis it is assumed that the 750 GeV
resonance is produced in two-photon processes, as de-
scribed in the previous section. The model contains
three free parameters: the cross section for the γγ →
γγ production, the mass and the width of the res-
onance. The mass was chosen as 750 GeV and the
width as 45 GeV, following [1]. The value of the cross
section does not affect the majority of the presented
results and is chosen arbitrary, as discussed later on.
The transverse momenta of the virtual photons are ne-
glected. It is also assumed that the resonance decays
only to photons and that the decay is isotropic.
For the fully exclusive measurement the dominant
background was identified as photon pairs produced in
hard non-diffractive events overlaid with independent
pile-up events of soft single diffraction [9]. It is rea-
sonable to expect the same situation also for the semi-
exclusive measurement discussed here. Therefore, the
background events are simulated with Pythia 8.215
[16] configured for gg → γγ and qq¯ → γγ parton level
processes at
√
s = 13 TeV.
The simulation of pile-up is performed for a given
value of pile-up multiplicity µ. The actual number of
soft diffractive protons in a given event is generated
from a Poissonian distribution, assuming the inelas-
tic pp cross section of 77 mb and the single diffractive
cross section of 5.6 mb. The transverse momenta of
the diffractive protons are neglected, while the distri-
bution of ξ, the relative momentum loss of the proton,
is assumed to be of 1/ξ shape between ξmin = 1.6·10−9
and 1. The ξmin value corresponds to the threshold for
the pp→ pppi0 process. In order to make the analysis
realistic, pile-up protons are added both to the back-
ground and to the signal events.
In the analysis the following experimental effects
were taken into account:
– acceptance of the forward proton detectors: an event
is accepted if a proton with energy loss between 5%
and 10% and pz > 0 was present (only detectors on
one side of the interaction point are considered),
– forward detector energy resolution [6],
– electromagnetic calorimeter energy resolution [17],
– longitudinal spread of the vertex (affects the pho-
ton pseudo-rapidity reconstruction, since in two-
photon events the vertex reconstruction may not
be possible).
1In fact, an additional limitation is present because of the
requirement to measure the final-state photons, where the
acceptance of the electromagnetic calorimeters plays a role.
4 Semi-exclusive measurement
For an exclusive measurement a typical procedure is
to use the information provided by the forward pro-
ton detectors to calculate the properties of the cen-
trally produced state and to compare them with the
direct measurement. This approach is not possible for
the proposed semi-exclusive measurement, since the
single-proton measurement is not sufficient to calcu-
late the momentum of the central state. However, the
reversed procedure is possible: from the central state
measurement one can estimate the energy of the for-
ward proton, ξγγ , which can than be compared with
the measured value: ξp. The relative energy of the for-
ward proton can be calculated as:
ξ±γγ = (Eγγ ± pγγ)/
√
s,
where it is assumed that the photon–photon system
has no transverse momentum.
It was checked that the signal events exhibit a
strong correlation between ξγγ and ξp, while for the
background the ξγγ vs ξp distribution is approximately
flat. The shape of the correlation suggests a choice of
∆ = log(ξp/ξγγ) as the optimal discriminating vari-
able. The ∆ distribution for the discussed processes,
assuming the pile-up multiplicity of µ = 20, is shown
in Fig. 3. For the elastic and single-dissociation sig-
nal events the distributions exhibit very strong peaks
around zero. On the other hand, flat distributions are
observed for the non-diffractive production, inelastic
two-photon production and single-diffractive produc-
tion with the intact proton on the wrong side.
Fig. 3 suggests the signal selection defined by |∆| <
∆cut, with ∆cut = 0.2. However, since the present
analysis is relatively simple, a more conservative value
of ∆cut = 0.5 is taken, which partially takes into ac-
count effects that are not explicitly included in these
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Fig. 3 Distributions of the discriminating variable for dif-
ferent processes for µ = 20.
Table 1 Background rejection factors for different values of
the pile-up multiplicity.
pile-up multiplicity 5 10 20 40
background reduction factor 260 130 66 34
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Fig. 4 Photon–photon mass distribution for the signal and
the background processes for pile-up multiplicity µ = 20
after the (semi-)exclusivity selection.
considerations. With this cut value, the signal effi-
ciency is around 25% and its dependence on the pile-
up multiplicity is very small. On the other hand, back-
ground rejection depends very strongly on the µ-value,
as shown in Tab. 1.
In order to illustrate a possible result of the semi-
exclusive measurement, Fig. 4 shows the photon–photon
mass distributions for the signal and background pro-
cesses for the pile-up multiplicity of µ = 20. Contrary
to all previous results, here the absolute normalisation
of the signal processes is needed. It has been chosen
so that the relative normalisation of the background
and double-dissociation signal resembles the ATLAS
results on the 750 GeV excess2.
One can observe that the proposed measurement
method greatly improves the signal-to-background ra-
tio. In addition, the relative contributions of different
two-photon production mechanisms in the final sam-
ple are different than before the selection (Fig. 1). The
inclusive production is dominated by double dissocia-
tion. After applying the exclusivity selection the dom-
inant contribution is due to single dissociation with
the proton pz > 0. The next contribution is the fully
elastic one, then the fully inelastic one and finally the
single dissociation with the proton pz < 0.
5 Conclusions
The above results show that a semi-exclusive measure-
ment of the γγ → γγ processes, in particular mediated
via the hypothetical 750 GeV resonance, is a promis-
ing possibility. The photon–photon luminosity is sig-
nificantly higher in the single-dissociation mode than
in the fully elastic one, which will translate into higher
statistics of the collected events. In addition, the ac-
ceptance of the forward proton detectors is not as cru-
cial as in the case of the double-tag measurements.
2The ATLAS analysis required a reconstructed vertex in the
γγ event, hence the possible contributions from elastic and
single-diffraction processes should be suppressed.
The proposed (semi-)exclusive selection provides a
significant reduction of the background. The improve-
ment of the signal-to-background ratio strongly de-
pends on the pile-up multiplicity: for µ = 5 it is a
factor of 65, while for µ = 40 it is around 8.
In the presented analysis only the dominant back-
ground was considered and the source of the pile-
up protons was treated quite roughly. A future, more
detailed analysis should also take into account addi-
tional background processes: (semi-)exclusive photon–
photon production via quark andW boson loops, which
is predicted by the Standard Model, diffractive photon–
photon production [18] and backgrounds due to the
photon misidentification. Taking into account all these
processes, and possibly a more sophisticated simu-
lation of the experimental effects, could allow more
stringent exclusivity selection and thus a better back-
ground rejection and signal-to-background ration op-
timisation.
A proper treatment of the pile-up effects can have a
two-fold consequence. First, for the proton energy loss
values of the order of 10% processes other than single
diffraction can contribute to pile-up effects. Therefore,
the background contribution will be increased. On the
other hand, taking into account the transverse mo-
menta of the protons and the appropriate resolutions
of the forward detectors will provide an additional con-
straint for the two-photon events selection.
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